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ABSTRACT

: 976\5

Over the past few years a number of theoretical and experimental
investigations have been published on the subject of convective energy trans-
port in a high temperature partially ionized gas. Although, in general «
fair degree of understanding of this process is now available, certain un-
certainties have arise-n, particularly with respect to the effect of the sur-
face material of the heat transfer gage. This experimental investigation
brings a new technique of making heat transfer measurements to bear on
this problem.

The infrared heat transfer gage developed by Camac has been adapted .
to the problems peculiar to this experiment. An analysis is presented which
demonstrates the fesponse required of the measurement in order to enable W
accurate heat transfer measurements to be made within the limited test
times available. The difficulties of adapting the gage to the requirements
arc described, in particular the sensitivity, opacity, and adherence of the
gage to the MgO window. The calibration of the absolute magnitude of the
output of the infrared cell as well as the response time of the measuring
system are described in detail. The response of the gage to the heat trans-
fer encountered in both the shock tube end wall and on a model are discussed
with emphasis on the identification of radiative heat transfer effects.

The heat transfer results support the prex)ious results of the authors
with calorimeter gages as well as those of other investigations. Variations
of the gage surface material achieved by overcoating the carbon with thin
-metallic 7ilms did not change the heat transfer rates measured, in contrast
to the results reported by Warren. In view of the fact that the metallic
films used do not change the calibration of the gage this is felt to be a

conclus.ve result regarding the effect of surface materials.
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SECTION I

INTRODUCTION

Accurate definition of the severity of the planetary entry problem
has been made difficult by the complexity of performing experimenis in

1,2,3 have indi-

this environment. Although several experimental studies
cated a general acreement of their measurements with the theoretical work
of Fay and Kemp, Pallone, > and Hoshizaki, 6 it has been pointed out tiiat
all these measurements depended'on a common technique, the platinurn,
calorimeter, or thick film resistance thermometer. Experiments by
Warren and Grutszczynskl'7 have 1nd1cated that results of considerable vari-
ance can be obtained by the s1mple expedlency of changing the gage ma-
terial of the calorimeter.

In this situation it was felt that a completely independent measure-
ment of convective heat transfer by a different experimental technique would
be worthwhile in settling the uncertainties which have been raised by the
above experinﬁental facts. The infrared heat transfer gage developed by
Camac8 appeared to be available to make this independent judgment. Not
only does this gage measure heat transfer through a completely different
sensur system, but it also had the added advantage of being able to assess
the cifects of surface materials without a change in the calibration of the
.ostrument. This, of course, could be accomplished by coating the same
carbon infrared emitting surface with metallic coatings of various clements,
and yet not change the infrared emission characteristics of the carbon.

This paper reports on an experiment in which the infrared heat
transfer gage was adapted to measure the stagnation point heat transfer
on inv spherical nose of a model. fhe expernnents were performed in a
six-inch I.D. arc-heated driver shock tube thoroughly discussed in the
literature. 9 The existence of a homogeneous hot gas sample of predictable
cosdivions in this shock tube has been documented in vRefs. 1 and 9. In the
prescnt experiments the tube was used at a length of 30 feet and an initial

pressure of 0.25 mm Hg of air.
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The principle of the infrared heat transfer gage has been discussed
in detail by Camac. S In its simplest form, the gage consists of a thin, but
opaque, surface of carbon deposited in good thermal contact on an infrared
transmitting window. The carbon surface is exposed to the heat transfer
medium while the rear surface of this layer is viewed through the window
with a wide angle optical system which is imaged .on the infrared detector.
The obvious advantage of this gage is that it is electrically decoupled from
the gas and consequently there is no mechanism by which the ionized gases
can interfere with the gage output.

The purpose of the present experiment was to combine these two
techniques to provide the confirmation of the previous work on convective
heat transfer. This combination has required the solution of a number of
problems, such as gage sensitivity, gage opacity, gage response, analysis
of the data taken in times only somewhat longer than the gage response, and
system calibration. The approaches and solutions found to these problems

as well as the results will be discussed briefly in the following sections.
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SECTION 1II

ANALYSIS OF GAGE RESPONSE

The temperature response of an infinite slab to an ideal hea: transfer
pulse has been thoroughly covered in the literature;19 a constant heat trans-
fer rate gives the familiar rise of surface temperature varying with the
square root of time, and a heat transfer rate decaying as 1/N/t gives the
fami.iar jump to a constant temperature. The infrared heat transfer gage
response to such an ideal heat transfer pulse has been treated by Camac. 8
The problem is made more complex by the fact that the infrared detector
is imaged on the rear surface of the carbon layer.

Two factors complicate the analysis still further; one, the gage sys-
tem also has a finite response time which with extreme care can be kept
to about one microseéond, and second, the heat pulse imi:osed on the ele-
ment is an odd combination of ideal pulses, i.e., one that decays inversely
with the Square root of time as the shock is reflected off the nose of the
model and approaches the steady state geometry and the second a constant
heat transfer rate pulse after the flow geometry has been established.

The interrelation of these three effects and their relationship to
achieving accurate heat transfer measurements within the test time avail -
able has been investigated in some detail. Following Camac, for an arbi-
trary heat transfer rate time history, q (t), the convolution theorem gives
the temperature response at the interface of a composite surface, i.e.,

atx =0, as

¢ | |
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where Ty (t') is the tempe ratu_ré response to a 0 function heat input at time
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t =t', This temperature response can be written as
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Combining Eqgs. (1) and (2)
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For the case of the heat'transfer rate decaying inversely with the
square root of time, i.e., q = ’\/—E- ;, Eq. (3) can be shown to be numerically
equal to the result used by Camac to show the effect of the thermal lag of

the carbon layer, i.e.,

— » 7 (e )20 7 |
/( ) /,/.7-2(/7,.0- 1/——%——- /'/ 4/6/?.‘ (4)

The second effect which must be considered is that although the tem-
perature response of the interface is the desired quantity, the actual infrared
gage output as indicated on the oscilloscope, lags behind this quantity by the
finite time response of the gage amplifier oscilloscope circuit. If we re-
place all the circuit elements by a capacitance and resistance in the simple

circuit shown below

¢, &)

(04 L

Lorl) C—— £ = Eooé‘@

then the problem is reduced to finding the accuracy with which Eout (t) '

responds to its input Ein(t). It can be shown that the current in the resistor .

R can be written as Z : , . ‘
. e /. s o . :
Gl = e /‘%c,(a‘?e /Z%é | (5)
‘ > , . .
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where 7, = R C. If we assume that we are operating in a linear region of
the gage output curve, i.e., T aE, which is only true approximately and"

over a limited temperature range, then the above can be written as

() = &%) Tt e f/zdz‘ )

Thus, even though the input to the IR gage were perfect, i.e., TAn(t),

the output would be degraded by the time constant of the system, - o

The third effect is due to the complex heat pulse imposed on the model.

When the incident shock arrives at the model, it reflects initially as it would
 off a solid end wall. The initial reflected shock velocity is known from the
Rankine -Hugoniot equations, i.e., Ref. 11. At a shock velocity of 8 mm/usec
and an initial pressure of 0.25 mm of Hg, the reflected shock will start at
a velocity of 1. 11 mm/pusec and would thus have a characteristic e-folding
time to achieve its steady state location of approximately € RS/I. 11, where
€ is ithe density ratio across the shock and Rs is the radius of the bow shock
in its permanent geometry. For a body with a nose radius of 1.905 cm this
time would be almost 3 u éec. |

During these three microseconds the heat transfer to the body would-
be essentially that characteristic of an end wall of a shock tube, i.e., a |
rate decaying inversely with the square root of time. This is the behavior
of heat transfer through a thermal boundary layer growing with time. At
some time the three -dimensional effects will become dominant, and the vis-
cous boundary layer will form to its steady geometry. This time has been
estimated to be roughly the time required for a sound wave to reach the sonic
point; which can be approximated by the nose radius d1v1ded by the stagna-
tion sound speed. For the above conditions, this amounts to 6 to 7 micro-
seconds. Such times are in agreement with the times estimated for the
calorimeter heat transfer gage output to reach a steady value. ! Thus, a
time of the order of five microseconds is taken up by this process of set=-
ting u) the steady flow geometry. | ,

It is possible to estimate the expected heat transfer rates during

this transient period. As the simplest approximation we assume that the

Gaod



reflected shock flow geometry applies until the heat transfer drops below
the steady state, bow shock geometry value at which time we take the con-
‘stant heat transfer solution to apply For the end wall geometry the heat

transfer can be written as, 12,

?‘JE: axy@(ée —AW)/ ) )

where (Nu/'\/Re)' is the value of Nu/'\/Re evaluated at the same stagnation
pressure and enthalliy'from stagnation point boundary layer calculations. 4

For the boundary layer case the equivalent expression is

R E () e toh) o

It can be seen that the two expressions are almost identical except
for the nose radius effect in the stagnation point case, which manifests

itseli ia the stagnation point velocity gradient term, R N2 Ps/ps . The

ratio of these two expressions gives a clue to which is the dominant one, i.e.,

g;____ i 085 (W) |
VF (] 0

For the typical conditions of this experiment, the above ratio is very

close to unity at times of approximately one microsecond, varying with t
and R as indicated. The ratio of the Nusselts numbers is essentially one,
as the pressure and enthalpy do not vary greatly between stagnation and
reflected conditions. The values of q_ and qq are plotted in Fig. 1 for the
specific case of p; = 0.25 mm of Hg, Ug =8 mm/ pusec and RN = 1.905 cm.
At one microsecond gg is 1.91 times Qg while at about 3.6 u sec the two
are equal. For smaller bodies q4 would increase with l/'\/RN and conse-"

quently the two would be equal earlier.

-6
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In order to determine the ‘requirements on the I. R. gage system to
accurately reproduce the heating rates within the limit of test times avail-
able, in terms of the lag times due to the carbon layer, 'as well as the cir-
cuitry, numerical experiments were performed. Using the heat trans-
fer time history shown in Fig. 1, we determined the temperature respcase
of the window=-carbon intefface from Eq. (3) for various values of T 1’ This
result can then be used as Tin(t) in order to evaluate the effect of finite cir-
cuit response by use of Eq. (6) with various values of 7 ,- The resulting
T outlt) is representative of the signals which are interpreted as the response
of the gage to the heating in the actual ekpe'riments. A

The final step in the numerical experiment is to subject the Tout(t)

in the usual manner for reduction of transient heat transfer data. This is

accomplished by solution of the inverted form of the heat conduction equation '

(13), i.e., ' /

o~/ [T o4 B

The resulting plots of'heatvtransfer rate, q vs time, give the degreé
to which the input data have been degraded due to various values of T 1 and

Ty A set of such results, are shown in Figs. 2 and 3. It was concluded

from these results that values of 7 1 = 10-7 and 1 2 = 2 x 10_6 seconds were

tolerable under the experimental conditions. Figure 4 shows an example

of the Tout(t) history which is the temperature history expected in the experi-
ments. The plot is made for the values of 7 1 and T 2 typical for the present

experiments, 0”7 and 1070 secs respectively.

This judgment is of course strongly tempered by the test times avail-
able in the experiment. If the transient phase consumes approximately
5 isec and the lags of the measurements are such as to spread this time
into 10 psec, it will be very marginal to make meaningful experiments in
test times much less than 20 usec. The performance of the shock tube
used with respect to achievement of a uniform test gas has been discussed_‘

14 4t the

conditions of the present experiments average test times of 15 4 sec are

in Ref. 9 and is reasonably predictable from the work of Roshko.
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common. Thus the one to two microsecond criteria for the response of the
gage system appeared critical.

If the resolution function of any given instrument is know a priori
then the measurement can of course be corrected after the fact for the
degradation of information due to this resolution. For the case of the cir-
cuit response as shownb in Eq. (6), this is a reasonable procedure and can
be used to lessen the criteria on the electronics. Equation (6) can be in-~
verted by use of LaPlace transforms into a form where T, (t) can be

expressed in tdrms of the measured Tout(t) and the time constant of circuit,

T2 giving
Jn @) = foete) + 1, L (11)
Equation (11) can thus be used to recover the original signal with some

degree of accuracy.

The above discussion of the d1ff1cult1es of making accurate tempera-

ture measurements which in turn accurately reflect the heat transfer 1mposed

on the surface is extremely important for shock tube experiments in which
the test times are very limited. For the model experiments in the high ve-~
locity range, the average test times are only two to four times as long as

the time required to set up the equilibrium flow geometry. As a consequence,
it is clear from these calculations that the response must be kept very fast,

and that response times of the order of one microsecond are required.




SECTION 1l

EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION

Adaptation of the ir‘lfrared heat transfer zage technique to the
present experiments has involved the solution of'several unigue proo-
lems; such as gage opacity, sensitivity, thermal gdherence in the -
environment, dynamic calibration, and dynamic measurement of the
gage response.

The opacity requirement can be seen from the following simple
considerations. The stagna.tibn.point gases are of the order of 10 -
15,000°K. The contribution from this gas in the Wavelength range of
1l to 104 is between 103 and‘lO4 times as great as the signal from the
carbon temperature rise which is being measured. Thus opacity means
rcjection of one part in 104 or better still 105.‘ It" was not possible to
achieve this degree vof opé.city with only a carbon layer 'a_;nd yet main-
tain this layer thin enough'to meet the response requirements. The -
addition of a metallic layer allowed fulfillment of the opacity require-
ment, while maintaining the fast response needed. Final opacity checks
were performed by exposing the coated window element to a very in-
tense light source (Lyman Lamp) and measuring the attenuation due to
the window and its coatings.

The sensitivity of the gage was optimized by the choice of win-
dow material, detector and optical system. As a window material,
magnesium oxide was chosen due to its optical characteristics. The
radiation from the carbon layer which heats up to a maximum of
150°C during the experiment is predominantly in the 4 to 30 micron
wavelength band., The Philco GPC 20l gold-doped germanium infrared
detector cuts off at about nine microns., The combination of this detector
and window allows almost optimum transmission at wavelengths up' to
the capability of the detector.

Figure 5 shows the external transmission characteristics of

-9-




magnesium oxide crystals (MgO 0.50 mm thick) as used in this .experiv-'
ment measured with a Beckman DK-2 and a Perkin-Elmer infrared .
spectrophotometer, The transmission is about 86 percent from 0.7 to
7 microns; it then decreases to zero at about 11 microns but is level
- at about 80 percent from 0.7 to 0.35 microns, then decreasing to zero
at about 0.2 microns. MgO crystals show both good mechanical strength
as well as infrared transparency at elevated temperatures up to 1000°C. 15
A number of MgO crystals have been checked for external transmission’
-at room temperature after repeated heating to elevated temperatures .
during the process of depositing carbon layers with a variance of only
one percent. ‘

The fused MgO ‘crystals, supplied by Norton Company, were so-
called '"Magnorite' which have the followihg pfoperties pertinent to this

experiment:

Density P = 3,576 gm/cc at 25°C
Thermal Conductivity k = 0.0775 cal/sec-cm-oc at 20-100°C
Specific Heat C = 0,245 cal/gm - °C at 20-200°C

The infrared detector used in these experiments was the Philco
GPC-201, a photo conductive, P type, gold-doped germanium detector
designed for operation at liquid nitrogen temperatures. The GPC 201
package design has a 2 mm square cell element and a coated silicon
window, all enclosed in a strong, hermetically-sealed unit utilizing fuz;ad
glass to metal seals. Typical characteristics of this cell at T = 77°K
are: |

D* (500, 900, 1): 2.9 x 107 cm/watt
Optimum Bias Voltage: 40 volts
Time Constant: 0.5 - 1.0 x 107% sec

wherce D™ is defined as the 'square root of the cell area (in cmz) divided
by the Noise Equivalent Power. ‘Figure 6 shows the spectral responsivity
of the infrared cell used in these experiments.

The optical system built into the model and test section is shown
in Figs. 7 and 8. The sensitivity is optimized by the use of a Casse-

grain mirror arrangement, as suggested by Camac. By maintaining a

-10-
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spherical nose past the sonic point {approximately 400), a larger
eter mirror could be used to enhance the solid angle of the collector

system. In some experiments a phototube operating in the visible waveé

length region monitored the light in the mirror system for evidence of
transmitted lightl.'

‘ The deposition of sufficiently unifprm, thin and adhering carbor

layers on the MgO crystals was by chemical decomposition (pyrolysis;

of methyl iodide, CH3I, as suggested by Camac.8 MgO windows,

0.50 mm thick, were roughened on one side with ''Norbide' #280 griz,

to a surface roughness of about 1/2 micron. On poiished MgO crystals,

carbon coatings would invariably peel off. The clean, roughened, MgO

window was then placed on a platinum strip, rough side up, into a

vacuum bell jar containing a mixture of methyl iodide and helium. The

platinum and MgO windows Wéfe heated in this atmosphere, and the

CH3I cGeccomposes on contact with the hot surfaces. As an end produci of | .
this d. composition we achieve a strong black layer of pyrolytic graphit:

on th. MgO substrate., A thickness of about 4000 - 8000 X is cdeposited

in approximately 15 minutes, which is opaque and measures to aave opti-

cal densities between 5 and 8. (A unit of optical density is a factor of

10 in the transmission measured at visible wavelengths.)

This method of dcposition is assumed to produce pyrolytic graph—
ite. Tae high degree of anisotropy in the structure of pyrolytic graphite
restits in thermal properties, other than specific heat, which are con-
siderably different from commercial graphite. In calculating the response
of the rcar face of the carboln layer, as discussed in the previous sec-
tion, the properties of pyrolytic graphite were used as reported in Ref.l6.
These are: | |

Density p

2.22  gm/cc |
.0048 cal/sec-cm-°C at 50-150°C
Specific Heat Cp =,16 cal/gm -°C at 50 - 150°C

Thermal Conductivity k

Overcoating the carbon layer with a metallic reflecting layer in-
creases the thermal lag of the composite structure, increases the
opacity and changes the absorption characteristics of the surface. The

latter has the effect of allowing convective heat transfer measurements

*
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to be made in a radiating gas because most of the incident radiation can
be reflected. The metallic layers, which were about 1000-5000 X thick,
were vacuum coated onto the carbon sublayers, This thickness of metal

_ has a characteristic thermal diffusion time an order of magnitude less ,‘
than the carbon, and thus the thermal response was not significantly
affected. Uniform deposition of metallic films (aiiurninum, gold, copper,
Nichrome) was obtained by following Refs. 17 and 18. The coatings were

obtained by using hot multistrand helical tungsten filaments and room-

4 4

to 10~

mm of Hg. Each coating was checked both visually under a microscope

temperature coated MgO windows, all in a vacuum of 0.4 x 10°

as well as in a dark room with the high intensity light source.

The surface of these coatings exhibited the characteristics of the
carbon layers and appeared diffuse in reflectance. Since quantitative
work on the adherence of evaporated metal films on pyrolytic graphite is
not available in the literature, we concluded from visual evidence that
chemically reactive metals, such as aluminum, which normally adhere

very well to gla,ss,”’18

and other clean, non-oily inorganic substrates,
also adhere to the carbon layer. .

For calculations of the thermal lag and heat capacity effects due
to the metal films, the bulk properties of the pure metal were used.
However, it is known that the properties, particularly the strength, of

thin films can vary significantly from the bulk properties.
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SECTION IV

CALIBRATION OF THE INFRARED GAGE SYSTEM

The calibration of the infrared heat transfer gage system consists
of calibration of the absolute value of the output as well as the respounse.
The former followed closely the procedure outlined by Camac® of repiac-
ing the shock tube heat source by a black body heat source. A standard
black body source was constructed in which a black body cavity was
heated by well agitated silicon oil through the temperature range of 0°cC
to 190°C. The cavity temperature was read by a number of thermo-
couples distributed to check the uniformity of the cavity. The set-up for
the calibration is shown in Fig. 9. A beam chopper placed in front of
the black body source provides the AC method chopping at a frequency
of 5000/sec. The emission of the chopper blade serves as the reference
level as it is seen by the detector when the system is ''closed.' The
output of the cell is fed through a standard cathode follower to an am-
plifier whose dutput is displayed on the oscilloscope.

In the shock tube experiment, the heat transfer gage senses a
heating pulse of only 15 to 30pusec duration. The temperature of the

opaque layers rises up to 150°C during this time but the MgO window

remains essentially at room temperature. The calibration of the detector

output for these short pulses can be evaluated by a series of four hypo-
thetical measurements, as suggested by Reference 8. 'Figure 10 shows
the results of the two actual measurements required by this calibration .
procedure in terms of the i‘nfré,red detector output plotted as a function
of the temperature of the black body source. Thé highest output of the

infrared cell, Vl’ occurs -when the black body sburqe is;ima.‘ged directly

on the detector. Here,

y-4-¢ )
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where V_ is the voltage Outpﬁt due to the black body'source'and VC is

o))

- 2V, 4
FRAN E RO P 05
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t=3

T
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o

the chopper wheel, V1

: due to the lemperaiure ¢ y c
signal from the black body when it is at the same temperatures as the
chopper blade.

The lowedt output curve in Fig. 10 is generated by the addition
of the MgO windows to the holes in the chopper wheel. These windows.
degrade the transmission-by the external transmission loss, X, averaged
over the spectral sensitivity of the gold-doped germanium detector.
These windows are, of course, at the chopper wheel temperature which

is essentially room temperature. This output, VZ is essentially
=Xl -V¥) (13)

where the external transmission coefficient, X, is the result of combin-
ing the reflectivity at the two air-MgO interfaces, r, and the internal

absorption of the MgO, a, as follows
2 =X ,
X={(1-1)e | (14)

A third output can be generated if the MgO window is allowed to
come to the temperature of the black body source and thus the output of
the detector will be V1 degraded only by one single reflection loss at ‘

the MgO -air interface.
/é=[/-”c)/@ U = H(7-t) (15)
A fourth output can be generated if the MgO window is coated by

an opaque carbon layer, and the whole unit is maintained at the temper-

ature of the black body source. The detector output can now be written

Z"/Gi—‘z‘/" (/=27 7%%)/(%—%) 06)

where € 1is the emissivity of the carbon-magnesium oxide interface.

as
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Values of r of 0.065 + .005 have been measured for MgO.

The first term in Eq. (16) represents the contribution of the
emission from the carbon layer (degraded by transmission through the
crystal and one reflection at the MgO-air interface) and the second term
is the contribution due to the radiation from the heated MgO windows.

For heat pulses of short duration, as are experienced in the
present experiments, the oniy' contribution which is ouserved is due to
the opaque layer. Almost all of the window remains at room temper-
ature and makes no contribution. Thus, the short pulse becomes in

terms of the measured quantities,

=Z-K)=C8)h~(H) o

since the emissivity of the carbon-MgQO interface is very close to one.
The curve-marked calibration curve in Fig. 10 is calcul#ted from the
above equation, ' ‘

The calibration of the systemn was checked periodically by
measuring the output of the cell when exposed to the black body sburce,‘
i.e., Vl. This value .remainedconstant throughout the experiment -
witain  + 4 percent. .

From this calibration data an empirical relationship betwecen
the calibration signal, 'VG’ and the black body temperature has been
detcrmined in the temperature range of 40° to 19‘0°C. The data fits

the following equation,

£ vets)= C 7 | (18)

with the constants C = 5 x‘lO'-5 and n = 2.1 + 0. 1.
This calibration procedure has been checked against a dynamic
calibration technique by Camac by a measurement of the end wall heat

transfer in argon. 8,19

The correspondence of the semi-static (chopper
wheel) and dynamic calibration has been assumed in these experiments.

In addition to the calibration of the infrared cell output discussed

-15-



above, the time response of the measuring system was determincd. Two
methods were uzed., First, a pulse generator was usel o iripuse =
clectronic pulse through the infrared cell and amplifier onto the osc.ilo-
scope. A schematic diagram of this calibration set-up is shown in

Fig. 1l. In this procedure care must be exercised to be sure that the
cell is not loaded down by the pulse generator. The capacitance of the
connection of the infrared cell to the amplifier is the critical p..rameter
in determining the rise time of the system. By building the amplifier
cathode follower and amplifier almost as a single integrated unit with
minimum length bare wire connections, it was possible to reduce the
rise time of the syste;n (to 90 percent of the full deflection value) to
slightly less than one microsecond. |

A secorpd response calibration was performed by the use of
pericdic light pulse generated by a rotating mirror system. The rise-
time of this light pulse itself was approximately one microsecond. The
resulting combination of the cell, amplifier and light source gave a
rise time of about 1.5 psec, which is equivalent to the geometric com-
bination of the two one-microsecond risetimes. '

The response time ‘of the system can also be tested by a heat
transfer test behind a reflected shock in the shock tube. A so-called
knife edge model was built for this purpose. This model essentially
slices a piece out of the test gas and allows the reflected shock to
propagate back in the tube of the model until it reaches the knife edge.
The tube was made long enough so that the whole test time is usable
in this experiment. Substituting the heat transfer for this geometry,
Eq. (7), into the equation for the interface temperature for this situa-
tion, i.e., Eq. (4), gives the familiar temperature step functioﬁ re-
sponse, Figure 12 shows the oscillograph from such an experiment. The
rise time of this record shows the fast response (l-2usec) required of
the gages and the approximately level output thereafter, indicative of
the growth of the thermal boundary layer.

- For stagnation point heat transfer experiments; the heat trans- .
fer starts out as in fhek above situation and theh levels 6ut at a constant

value -after the viscous boundary layer has been established. The

-16-
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oscillograms shown in Fig. 13 show this early heat transfer time his-
tory clearly. As the example shown from the numerical calcuiation in
the earlier section, the temperature starts to rise when the fiow gecom-
etry becomes established at times of the order of 8-10 psec. For the
constant heat transfer input with time, Eq. (8), the temperature napoﬁse

of the carbon-MgO interface is

[ x=0) ~ 9(&4)+/F | - (19)

as can be seen from Eq. (3). If Eq. (18) is used as the calibration

curve, then \
5‘ /o.s"

f(f)fv sz/ f | (20)

or the cutput should be nearly linear with time with the slope being
proportional to the square root of the heat transfer rate. This charac-
teristic is shown clearly by the oscillograms shown in Fig. 13.

The oscillograms shown have been reduced to heat transfer time
histories by use of the calibration curve, Eq. (18) and the inveréion_
formula, Eq. (10). The heat transfer time history is seen to indicute
the characteristic discussed in the previcus sections but settles down
to a constant value well before the end of the test time, determined by
monitoring the visible wavelength radiation with a photomultiplier.

As the infrared heat transfer gage measures the temperature of
the carbon layer on the surface of the MgO window during its exposure
to the total invironment, it responds to both convective and radiative
heating, In order to differentiate between these two heating mechan-
isms, the reflective properties of the gagé surface must be known. For
metallic film evaporated the reflectance is generally quite high and,
consequently, radiative heating is rejected quite efficiently since .the
gage is heated by q (convective) + €q (radiative). Figure 14 shows the
reflectance of freshly evaporated films of the various materials used
in the present experiments as compiled in Refs. 20 and .21.

In the process of making the infrared gages, the metallic films
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were deposited on the chemically decomposed carbon layers which, ‘in
turn, were on a shghﬂy-ioughened MgO crystal, The optical character-
istics achieved by this process could well be considerably different from
the literature values of evaporated films. In addition, it was also ques-
tioned whether the metallic surfaces deteriorated wi;h time when exposed
to ambient conditions. Generally gages were of the order of one day
old when used in the shock tube and the handling specifications during -
this interim were questioned.

The total reflectance of the various coatings was mecasured by
a Beckman Dk-2 (Extended range) Spectropl'xotorntvete1",2'2 ﬁseful over the
. wavelength range of. 0.2 to 2.6 microns. In order to deduce absolute
values out of the measurements, corrections were required because the
inside of the integrating sphere of the instrument v;ias coated with MgO
to provide a pure white reflecting surface?:3 The results of these
measurements are presented in Fig. 15. It is clear that the plating
procedure used degrades the reflectance somewhat but does not change
the basic pattern of very high reflectance for metallic ﬁlxhs and low
reflectance for the carbon.

For the present .serie's of experiments the effect of radiative
heat transfer was small. For the stagnation point exPerirhents radiation
merely manifests itself as an added increment of constant heat trans-.
fer, 9ag As such it is very difficult to differentiate from the con-
vective heating. Estimates of the magnitude of this effect are shown in
Fig. 16, wusing Ref. 24 for the intensity of the radiative flux, for the
range of conditions of the present experiment. It can be seen that
with an average surface emissivity of approximately .12 +'. 05 it should be
possible to keep radiative effects down to a maximum level of 2 percent
This is probably well within the scatter of the present experiments and
the estimate is high because it is kﬁOWn that Ref. 24 overestimates
the radiation in this regime by about a factor of two or three.25

For the reflected shock geometry afforded by the knife edge
model, the radiative contribution is easier to isolate frorri the convec-
tive effects. Due to the growth of the thermal boundary layer, the |

convective heat transfer rate falls inversely with the square root of

-18-
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time. The radiative heating will grow directly with time du
increasing thickness of the radiating gas region as long as the hot
"does not become opaque. A linear growth of the heating rate will re-
sult in a surface temperature increasing as the 3/2 power of time and

an infrared gage output rising approximately with time cubed. Such a

signal is readily distinguishable from the normal constant output shown

in Fig. 12. e -

The knife edge model thus becomes a more useful tool for total
radiative heating measurements from gases under these conditions. A
typical oscillogram from an experiment in which significant radiation
was present is shown in Fig. 17. The gage used here was overcoatcd
with carbon, i.e., it was triple coated, carbon-metal-carbon, to maxi-
mize the emissivity of the surface. The temperature response of the

knife edge model to thé’ radiative heating predicted from Ref. 24 is
 shown in Fig. 18. It is seen that the effects are clearly measurable,..

even with realistic values of emissivity and the new data on air radia-

tion.
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SECTION V

' HEAT TRANSFER RESULTS

The heat transfer data from the present series of experiments
are shown in the Fig. 19. The initial shock tube pressure was 0.25
mm Hg, the gas was room air, and the incident shock wave velocities
ranged from Us = 7 to U=10.0 mm/usec, simulatingl flight at altitudes
of approximately 140,000 ft and a simulated velocity of up to approxi-
mately 50,000 fps. Only data points from experiments during which at
least 8 pwsec of test time were measured bf one of the methods stated
in the Ref. 1 have been’used in view of the response requirements dis-
cussed in the previous sections. '

Stagnation point convective (aerodynamic) heat transfer data
were measured mostly on sphere-cone models with nose radii RN =
1.27 cm and Ry = ”1.905 cm. Majority of the test runs were made
with aluminum and gold reflective films overcoating the carbon gage. A
few data points were obtained using Nichrome alloy as the evaporated
surface film. The infrared gage coatings lasted only for one shock tube
run and usualy deteriorated after approximately 30 psec, possibly due
to impact of impurities and residues of the driver gas causing the film
to become transparent. " This was very plainly evident by the almost
instantaneous rise of the signal beyond the range of the amplifier an
scopes. The data have been compared with results calculated from the
Fay and Kemp binary diffusion model for ionized diatomic gases.
Figure 19 also shows the curve fit of the data (which had a root-mean-
square deviation of 0.13) obtained from measurements with calorimeter
gages reported in Ref. 1. In general, the average values of the pres-
ent data appear to follow the theoretical predictions of equilibrium air
somewhat more closely and majority of the data points thus lie slightly
above the results of the Ref. 1. ’ |

+
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There afpears to be no significant diffierence berween =z dat

obtained with aluminum and -gold films tovering the carbon gage. This

fu

is in agreement with Collins and Spiege13 but in contrast to the result
of gage material reported by Gruszczynski and Wa.rre‘n.7 The nickel alloy,
Nichrome, results also fell 'directly in the group of the data from the
other materials. In 'view of the fact that these experiments were all
performed at the lowest initial pressures used in any of these experi-
ments, surface reactions should certainly have been present. The ob- |
vious advantage of this experiment over the above references is that a
single gage calibration is used for all the surface materials and, con-
sequently, differences in the measurements, if present, could be directly
attributed to surface-gas interactions. Consequently, it must be assumed

that the gage surface material does not have an influence on the convec-

‘

tive heat transfer.

| The heat transfer measurements reported here must be viewed
with the same reservations with respect to the state of the test gas as
discussed thoroughlyv in Ref., 1. Briefly, the test gas'is assumed to be
in equilibrium. Experimental measurements of the visible radiation show
this to be a good assumption for dissociation of the inviscid flow at the
stagnation point. Our present knowledge of recombination rates indicates
that the boundary layer may involve some freezing but not to a degree
sufficient to influence the heat transfer rate.l With‘respect to ioniza-
tion, estimates of the degree of completion of these processes were
also made in Ref. 1. Recent experiment of Wilsonz6 have tended to
confirm these estimates. Wilson finds that behind strong shock waves
the ionization mechanism is analogous to the process suggested by
Petschek and Byron. 21 ‘In, the air case, the initial ionization is pro-
vided by the atom-atom reactions, as per Lin‘,28 "and the impact pro=-
cess takes over as soon as sufficient electrons are produced. The result
is that the time to achieve equilibration, in terms .of the number of
ambient mean-free~-times, doés not change radically up to shock veloc-
ities as high as 12 mm/usec, ‘thus confirming the extrapolations used

in Ref. 1 and adding confidence to the assumption that ionization proces-

ses are also in equilibrium in these experiments.
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_.SECTION V1

SUMMARY AND CONCLUSIONS -

Heat transfer measurements made with an infrared heat transfer
gage have been presented. The value of these measurements is, (1) a
new technique has been developed for producing such measurements
which is significantiy different from the commonly used calorimeter
resistance thermometer, (2) the measurements obtained with the new
technique essentially duplicate and consequently verify the results of
several authors achieved with calorimeter gages, and (3) variations of (
the surface material of the surface undergoing heat transfer did not .‘ *
alter the resultant heat transfer rates, showing conclusively that sur-

face effects are not important under the experimental conditions.
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Fig. 1 Estimate of transient heat transfer time history at the
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Fig. 8 Photograph of the infrared heat transfer gage, detector and
model mounted in the 6-inch diameter electric arc-driven
shock tube.

-31-

A2583




GOLD DOPED
GERMANIUM
INFRARED
DETECTOR CELL

/c
REFLECTION

MIRROR
ASSEMBLY

Fig. 9

A2584

TN

N

0%

RING
MIRROR

CHOPPER

SOLID
MIRROR

WHEEL

" SILICON OIL (]

K
Y/

[.’:

NN

H BLACK BODY

%

3.
DIA. CASSEGRAIN OPTICAL
MIRROR ASSEMBLY

Calibration setup of infrared heat transfer gage assembly

using the black body source.

Radiation from the cavity is

imaged by the gage optical system on the infrared cell,

-32-




P TYPE (GOLD-DOPED)
GERMANIUM INFRARED DETECTOR
"PHILCO GPC-201"

8 —— IR CELL NOISE LEVEL i5MV
O BLACK BODY SOURCE

.- O BLACK BODY SOURCE

WITH A MAGNESIUM OXIDE (MgO)
WINDOW IN BETWEEN THE SOURCE
AND THE IR DETECTOR

2

5

(o)

> 6]

' —— CALIBRATION CURVE FOR ol/ &

5 EXPERIMENTS WITH VERY

::_. n SHORT HEAT PULSES o a
2

© N

14

o

-

O

w

- -
i

o

o

w

(14

<

oc -
w

=z

-2 | 1 |
0 40 80 120 160 200
BLACK BODY WALL TEMPERATURE °C

Fig, 10 Calibration curves of the infrared heat transfer gage system.

-33._

A2485



Fig.

A2486

11

PULSE R

GENERATOR

A
05V-L ]
B 3

| pt SEC| e
ey MEASURED AT “A"

AM

P
¢P 212A GPC 112" 10" COAX. CABLE | g
i = SCOPE

IR [~ ~

\ MIRROR
OPTICS

CELL}—--

eour MEASURED AT "B"

AMP,

TRIG.

INPUT
SCOPE

TRIGGER PM

LIGHT SOURCE

NOTE:

ROTATING MIRROR SYSTEM
RISETIME, T%.5uSEC

SIGNAL AT OUTPUT OF AMPLIFIER

Schematic diagrams of two set-ups used for measuring the

time response characteristics of the infrared heat transfer
gage system, one using an electronic pulse and one a light

pulse generator.

-34-




INFRARED CELL AND PM OUTPUT IN VOLTS

PM 05V 2v IR CELL
CRL .5V AV PM
5uSEC —{ 5. SEC
TIME, SEC —» -+— TIME, SEC
Us= 6.9 mm/uSEC Us® 10.0 mm/u SEC
120 END OF TEST
TIME
O
3 n¢{0 0 O
S 100t poo0oo0Opooooood |
- O
<
] 80 0 Us# 10.0 mm/uSEC -
tcz)" O Ug= 6.9mm/u SEC
@ 0
¥ 60l .
= O o o O
O O
a 40+ -
s O
wi
-
8 200 -
<
)
o ] | ] ] I i l | ]
o 2 4 6 8 10 12 14 16 18 20
TIME-t-u SEC
Fig. 12 Oscillograms of the data measured at two shock velocities

with the infrared heat transfer gage in the knife edge model
duplicating the shock tube end wall.
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Fig. 14 Reflectance of freshly evaporated metal films of the various
materials used in the experiments from Refs. 20 and 21.
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